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A beamline has been established at the National Synchrotron Light Source to perform angle- 
resolved photoemission experiments on magnetic surfaces with spin sensitivity. The 
system has two novel features: it uses a miniature electron-spin polarization analyzer and it 
also uses synchrotron radiation from an undulator rather than a bending magnet. 

I. INTRODUCTION 

Photoemission is now well established as the primary 
technique in the study of the electronic structure of atoms, 
molecules, and solid materials. For the solid state, selection 
rules and the use of different light polarizations allow the 
determination of the symmetry of the initial state. Further, 
with the extension to angle-resolved photoemission,’ both 
the momentum and the energy of the photoemitted elec- 
tron may be determined. This allows the electronic band 
structure to be completely mapped, Spin analysis of the 
photoemitted electrons offers the possibility of more de- 
tailed studies of the electronic properties of ferromagnetic 
systems. In the first spin-polarized photoemission measure- 
ments the sample was magnetized perpendicular to its sur- 
face along the electron optical axis. This results in an ex- 
ternal magnetic field and consequent loss of information on 
the angle of electron emission.2 An important advance in 
the development of spin-polarized photoemission was the 
demonstration that photoemitted electrons could be mea- 
sured with the sample magnetized in the sample plane, that 
is transverse to the electron optical axis.3 In this geometry 
there is minimal penetration of the magneti& field outside 
the sample and angle-resolved, spin-analyzed photoemis- 
sion spectra can be measured. Angle-resolved, spin-polar- 
ized photoemission has been applied to more and more 
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systems, including the electronic structure of bulk 
ferromagnets,4 adsorbate covered surfaces,5 and ultrathin 
films.6 

One limitation of spin-polarized photoemission is the 
inherent inefficiency of the spin detectors. The “efficiency 
factor” of such detectors is typically 10 - 4 resulting in ac- 
quisition times at least lo4 times longer for a signal-to- 
noise ratio equivalent to the normal photoemission 
spectrum.’ However, the inefficiency can be compensated 
for through the use of photon sources that are capable of 
producing extremely high fluxes; such sources are the new 
undulators currently being installed on a number of elec- 
tron storage rings. 

In this paper we describe a beamline designed to ex- 
plore the use of undulator radiation for spin-polarized pho- 
toemission. We further describe in detail the experimental 
configuration for measuring the energy, momentum, and 
spin of the photoemitted electrons. The instrument has 
benefited from the introduction of the low-energy NIST 
spin detector.* Because of its compact size, this detector 
allows more flexibility in the angular measurements than 
the traditional Mott detector. We note in passing that the 
low-energy electron diffraction (LEED) detector,g the 
more recent low-energy scattering detector” and the very- 
low-energy scattering detector” can also be made quite 
compact. 

II. APPARATUS 

As already noted, spin detection is a relatively ineffi- 
cient process but this may be compensated for through the 
use of more intense light sources and, in particular, in the 
field of synchrotron radiation, through the use of undula- 
tor-derived radiation. The present experiment was estab- 
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lished to examine the use of such radiation. In the initial 
stage of development it was found to be convenient to use 
a miniaturized version of the toroidal grating monochro- 
mator (TGM) to monochromatize the radiation from the 
undulator. We note, however, that this particular aspect of 
the experiment is currently being modified. In the follow- 
ing sections we discuss the facility in two parts: first, those 
components involved in the delivery of monochromatic 
photons to the sample, and second, the measurement 
chamber incorporating sample preparation and character- 
ization facilities together with the spin-polarized photo- 
electron spectrometer. 

A. Photon delivery 

The light for these experiments was provided by the 
UXJ undulator on the VUV storage ring at the NSLS, 
Brookhaven. Since the properties of the UXJ undulator 
have been reported in detail before,12 they will only be 
outlined here. 

The desirable feature of an undulator is the high pho- 
ton flux available. This may typically be 250-500 times the 
flux emitted per mrad from a bending magnet source. Tem- 
poral coherence between wavefronts emitted along the 
path of an undulator leads to spectral output with charac- 
teristic harmonics of the fundamental (n = 1) whose 
wavelength is given byt3 

AK81 =$ i l+$+Jp ) i 1 n = 1,3,5 )..., (1) 

where A0 is the magnetic period length (6.5 cm), y is the 
storage ring energy measured in rest mass units ( 1456), 8 
is the observation angle with respect to the undulator axis, 
and K is a parameter related to the peak magnetic field 
strength, Bo, such that 

K = 0.934/2a(cm)Bc(T). (2) 

For K- 1 [the so-called undulator regime), the angular 
deflection of the electron beam in the device is comparable 
to the maximum angular deflection of the emitted light and 
the spectral output is dominated by characteristic har- 
monic peaks. Equation (1) is the zero emittance limit. 
However, it should be noted that in practice, due to the 
finite electron-beam emittance, even harmonics are also 
observed.12 

The original VUV undulator installed on the NSLS 
UV ring and used in the development of the spin-polarized 
experiments was of the permanent magnet SmCos type. 
With a period length of 6.5 cm and the minimum possible 
vertical gap of 39.6 mm, the spectral output, shown in Fig. 
1, is characterized by the first harmonic at 56 eV photon 
energy. The photon energy can be tuned by adjusting the 
gap to alter the magnetic field which enters Eq. ( 1) via the 
parameter K or by changing the stored beam energy y. 
Indeed, because of the limitations imposed by the mini- 
mum gap setting, several experiments have been success- 
fully carried out with the first harmonic at 52 eV corre- 
sponding to y = 1405 (718 MeV). The disadvantage of 
this mode of tuning is that the lifetime of the VUV storage 
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FIG. 1. output of the U5U undulator showing the first and second har- 
monics. 

ring, which is limited by the Touschek effect, is strongly 
energy dependent (going approximately as y’).14 

The term in yS in Eq. ( 1) determines the angular 
broadening due to observation at angle 6 to the undulator 
axis. On axis the linewidth of each harmonic iz is given 
approximately by 

$J& (n = 1,3,5 ,... ), 
VI 

where N ( = 38) is the number of magnetic periods. This 
gives a width of about 1.5 eV with the first harmonic at 56 
eV. Evidently the undulator requires some form of addi- 
tional monochromatization to achieve the higher-energy 
resolution ( < 0.5 eV) needed for the photoemission exper- 
iments. 

It should also be noted that the radiation is highly 
collimated, the half angle of emission being proportional to 
( l/y) ( l/ &V). With the first harmonic at minimum gap 
this is approximately 100 prad for the UXJ undulator. 
This particular property leads to.a potentially easier task in 
attempting to match to the standard optics of a beamline. 

Perhaps the simplest form of grazing incidence mono- 
chromator is that based on the toroidal grating. Relying on 
approximate focusing, such devices have the advantages of 
high flux, mechanical simplicity, and low cost.” Under 
certain conditionst6 the entrance arm length Z.4 and exit 
arm length I, of a TGM may be shown to be related to the 
major radius R by the formula 

-1 R=-& f-+’ , ( ) .4 fB 
(41 
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where 4 is the angle of incidence. The minor radius r and 
major radius are related by the formula 

r=Rcos2+. (5) 

Thus, having selected some included angle appropriate to 
the desired energy range, these formulae show that lA and 
ZB may be scaled to any size, with the corresponding radii 
R and r. However, the factors that determine the resolution 
place a lower limit on this process. Thus the source size 
limit is given by17 

s cos (b 
Ah= dmlA 9 (6) 

where s is the slit size, d is the grating groove density, m is 
the diffraction order, and (p and lA are, as before, the angle 
of incidence and the entrance arm length, respectively. If 
the ratio s/IA is maintained constant, the aberration and 
slit-width-limited resolution of the system are unchanged. 
However, we note that the phase space acceptance of the 
system is reduced, pointing to the value of a source with 
small emittance, a requirement that puts more demands on 
the input optics focusing the radiation onto the entrance 
slit. 

Based on previous TGM designs, an included angle of 
150” and a ruled density of 1200 lines/mm was chosen to 
cover the range corresponding to the output of the undu- 
lator. For this range the entrance and exit arms have the 
lengths 0.22R and 0.3R, respectively, where R is the major 
radius. Space considerations make the choice of R equal to 
1 m appropriate. Figure 2 shows the calculated resolution 
of the monochromator. 

An important consideration in the design of such a 
beamline is the choice of focusing element for the entrance 
optics. Because of the extended nature of the source it 
becomes necessary to use an entrance mirror with large 
demagnification in order to make full use of the photon 
flux available from the entire length of the device, i.e., to 
match the monochromator phase space. However, too 
large a demagnification results in a loss of energy resolu- 
tion due to increased filling of the grating in the sagittal 
plane and the consequent problems relating to astigmatic 
coma. Some choice has to be made that minimizes these 
problems. Somewhat fortuitously, it was found that the 
parabolic mirror previously used as an exit mirror on the 
NSLS Plane Grating Monochromator (PGM) was well 
matched to these requirements. This mirror was originally 
designed to focus light from an infinite source point into an 
image 1.08 m away. Positioned 8.25 m from the undulator 
center, it focuses the collimated light beam into a spot 
approximately 1.25 m from its center, the demagnification 
being of the order 6.6:1. 

A schematic of the beamline is shown in Fig. 3. Ini- 
tially, the sample was placed -0.2 m from the exit slits. 
The post-focusing mirror was a later addition as explained 
below. The first element of the input optics is a simple 
plane mirror which deflects the undulator light onto the 
focusing paraboloid. The plane mirror has the advantage 
that it is easy and inexpensive to replace if necessary. 

1904 Rev. Sci. Instrum., Vol. 63, No. 3, March 1992 Photoemission spectroscopy 

0.10 

0.08 

TO.06 
2.5 

z 
K= =r 
72 
2 0.04 

- 

I 

i I’< ,I 
,........t., f.., 

i 
/ # 

,:’ 
/ ,“., : i: 

: 
/ , I, .’ ..*,‘,.0 

‘\ ,’ ,t’ 
: ,- _.* 

_ ‘,>:e.” 
‘. ,’ 

/ r>,-w 
; _ ‘-$.--- 

, - - s&L,p.-’ 
L<2-ra.l.---. .,,.-- -____ _ -__. - 

./-+ 

I # I I f I I I I I 

10 40 70 
Photon energy [eV] 

100 

FIG. 2. Photon energy resolution of the Cricket toroidal grating mono- 
chromator vs photon energy. The total resolution (solid line) is the 
quadrature sum of the following contributions: 25+m entrance slit (short 
dashed line), 25-,om exit slit (long dashed line), grating defocus abbera- 
tion (dotted line), grating coma abberation (long-short-long dashed 
line), grating astigmatic coma aberration (long-short-short-long dashed 
line), and 1-arcsec grating figure error (dash-dotted line). The abberation 
terms assume 5.6 mrad (7.2 mrad) vertical (horizontal) illumination of 
the 25 mmX25 mm grating surface by the demagnifying paraboloidal 
mirror upstream of the monochromator. The 1200 line/mm grating has 1 
m (61 mm) tangential (sagittal) radius and is used in a 150” constant 
included angle geometry with 219.6 mm (300 mm) entrance (exit) arm 
lengths. 

Using the SHADOW ray tracing program’s the beamiine 
was ray traced up to the exit slits. Following standard 
procedures” in specifying the effective source size of the 
undulator we find that Ch and C,, the respective rms hor- 
izontal and vertical source sizes, are given by 

xh,u = m, (7a) 

where 

@R = (L/4?r)ok (7b) 

and oh,” refers to the electron-beam sizes. cr;i, the diffrac- 
tion-limited opening angle, is given by 

*~+.-$(l+$)“*= J-$, (8) 

where L is the length of the undulator and ;1, is the wave- 
length of the 8th harmonic. With the parameters appropri- 
ate to the NSLS VUV ring we find that 8, and 2, are 1.24 
and 0.17 1 mm, respectively. 

Figure 4 shows the calculated transmission of the 
beamline as a function of slit widths. The transmission is 
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defined as a fraction of the flux emitted from the source 
with no reference to the harmonic structure of the undu- 
lator as defined by Eq. ( 1). From Figs. 2, 3, and 4 we see 
that the design of a simple beamline based on the minia- 
turized TGM provided the possibility of extremely high 
photon fluxes with relatively high resolution. With the di- 
mensions of the instrument described here it is possible to 
place the target area behind the exit slits with no further 
focusing optics, and the initial experiments were done in 
this configuration. However, with such a configuration the 
inability to valve the monochromator off from the cham- 
ber, the exit slits being in the sample chamber, presents a 
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FIG. 4. Overall efficiency of the Cricket toroidal grating monochromator 
vs photon energy. The number of transmitted rays is shown for four 
values of slit openings (entrance and exit): 10, 30, 50, and 100 pm. The 
number of source rays is normalized to 1000 for these calculations. 
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undulator 

FIG. 3. A schematic diagram of 
the U5U beamline optical ar- 
rangement. Sample position 1 
represents the arrangement in 
early work and is the appropriate 
position for the results of the cal- 
culations shown in Fig. 4. The 
spectra shown in Figs. 6-8 are 
with the sample at position 2, af- 
ter post-focusing optics were in- 
stalled (see text). 

considerable disadvantage for surface science studies. Thus 
a post-focusing mirror was incorporated into the beamline 
as shown in Fig. 3. This toroidal mirror focused the exit slit 
to a small spot at the sample with 1:l focusing in the 
vertical direction. A plane mirror returns the light to the 
horizontal on entering the sample chamber. The loss in 
intensity due to the extra reflections is more than compen- 
sated for by the focusing of the light. 

5. Electron angle, energy, and spin analysis 

The spin-polarized photoelectron spectrometer con- 
sists of a commercial hemispherical electron energy ana- 
lyzer (50 mm mean radius)” mounted on a single-axis 
goniometer and a low-energy diffuse scattering spin ana- 
lyzer. The energy analyzer, spin detector, and transport 
optics are shown schematically in Fig. 5 (a). The initial 
version of the spin analyzer’ coupled to the energy ana- 
lyzer has since been replaced by a second version,” which 
is what is shown in Fig. 5 (a). The size of the spin detector 
does not restrict the motion or angular range of the energy 
analyzer, in contrast to a conventional high-energy Mott 
detector.” The overall size of the present detector is -65 
mm diam by - 50 mm depth. We are thus able to measure 
spin-polarized angle-resolved photoelectron spectra over a 
range of incident light and photoelectron emission angles 
determined solely by the physical size of the energy ana- 
lyzer. The angle of incidence of the light ( ei) can be varied 
continuously from 0i = 35” to grazing angles and the emis- 
sion angles (13,) attainable are from 19, = - 35” (towards 
the light) to 8, = 45”, the latter angle largely determined 
by the sample manipulator size. 

Care must be taken in coupling the electron spectrom- 
eter to the spin analyzer with minimal loss of electrons. In 
the present case, the original exit optics of the hemispher- 
ical energy analyzer with slight modification were adequate 
for transport to the spin detector. These optics are shown 
in Fig. 5(b). The effective lens potentials, i.e., the electron 
kinetic energy plus the lens voltage, are shown for an an- 
alyzer pass energy of 25 eV. The Au target is at the same 
potential as the last lens element. The electron-beam enve- 
lope for electrons photoemitted from the sample with a 
kinetic energy of 55 eV is shown for both the parallel and 
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FIG. 5. (a) A schematic diagram of the hemispherical analyzer with 
electron transport optics and spin detector shown. (b) Electron optics to 
transport electrons from the energy analyzer to the Au target shown with 
effective lens potentials for an analyzer pass energy of 25 eV. The elec- 
tron-beam envelope for 55-eV photoelectrons is shown for the parallel 
mode (solid line) and the co’mpensated mode (dashed line) with two 
different potentials for the third lens element. Note that the vertical scale 
is expanded five times with respect to the horizontal scale. The distance 

I from the energy analyzer exit aperture, in the Herzog plate, to the Au 
target plane is 81 mm. The first lens element contains two sets of deflector 
plates in the horizontal and vertical planes. 

compensated modes of operation. In the compensated 
mode, shifts in beam position at the Au target are accom- 
panied by angle changes such that their respective contri- 
butions to the apparatus asymmetry canceL2’ 

The spin analyzer scattering target is a polycrystalline 
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gold film which is prepared by in situ evaporation. The 
target is rotated 180” to face a gold evaporator [Fig. 5(a)]. 
This allows the film to be refreshed as required, typically 
every few days. Electrons backscattered from the target 
pass through retarding grids which reject low-energy sec- 
ondary electrons and transmit only those electrons that 
carry the spin information.’ The deflector electrode, first 
grid potentials, and the geometrical arrangement of the 
components determine the range of angles collected and 
optimize the electron trajectories for efficient fihering by 
the grids.2’ Transmitted electrons are multiplied by multi- 
channel plates and the resulting charge pulses are detected 
at one of the four quadrants of the anode assembly, Fig. 
5 (a). The multichannel plates are operated at a gain that 
allows for stable discrimination. The spin-dependent asym- 
metry in the scattering from the Au targets is a conse- 
quence of the spin-orbit interaction. The asymmetry is 
characterized by the Sherman function S(6), which is av- 
eraged over a range of 6 and for the present detector has a 
value S = O.lO.*’ The relative efficiency of spin polarime- 
ters may be described by a figure of merit (FOM) given by 
S21/10, where I/f0 is a measure of the reflected intensity 
within the detector.22 The FOM for this spin polarimeter is 
10 - 4, which compares well with other such devices.*,‘i 

In all measurements it is crucial that the sample is put 
reproducibly into one of two oppositely magnetized rema- 
nent states. Multidomain systems may give irreproducible 
results with lower polarization. A 2-A dc current passed 
through a two-turn coil was sufficient to remanently mag- 
netize the iron picture frame sample used in the measure- 
ments described here. For the case of thin magnetic films, 
a fast ( -25O+s), high-current pulse run through a 20- 
turn coil placed next to the sample was used. Two mea- 
surements of the spin polarization are made, one with the 
sample magnetized “up” (12 ,I,$ ) and one with the sam- 
ple magnetized “down” (1L ,1, ), where IL (IR) is the 
number of electrons scattered to the left (right), respec- 
tively, from the Au target in the spin analyzer and detected 
at the anodes [Fig. 5(a) J. Any instrumental asymmetry 
can then be removed by combining the four measurements. 
The true spin polarization (P) is given by22 

P-L m- Kc -s J&p; + JI,ITR+ ’ (9) 

where S is the effective Sherman function. Assuming that 
the incident beam does not move between “ + ” and “ - ” 
measurements, the measured intensities combined in this 
manner removes, to first order, any instrumental asymme- 
try derived from a misalignment of the beam incident on 
the scattering target. The two measurements, however, 
may have different count rates without affecting the mea- 
sured polarization. The instrumental asymmetry (A) is 
given by 

(10) 
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assuming there is no asymmetry that changes for the two 
magnetization directions. However, such effects can be 
identified as described below. 

The individual spin-up and spin-down spectra are ob- 
tained from the polarization P [Es. (9)] by 

I’=(I)(l+P), I’=(I)(l-P), (11) 

(1) = IL+ -+I~-!-I~4&- 
4 

The statistical errors in the polarization and spin intensities 
are calculated as 

and 

CVI’ 6P 61~ SP _----...- --- 
I’“(l’-tP)’ F-(1-P)’ 

(13) 

(14) 

with the assumption that the error in Iii- is simply 
,/[I,‘- ), as follows from the Poisson statistics of the 

photoelectron process. 

III. RESULTS 

With the present configuration the typical count rate 
on each quadrant of the anode for the iran “d” band emis- 
sion is 15 000 Hz, at hv = 60 eV, normal emission, and 
with 800~mA stored beam current in the NSLS storage 
ring. The signal corresponds to an energy resolution of 0.35 
eV. The optimum energy resolution with the present beam- 
line is of the order of 0.1 eV. However, at this resolution 
with the configuration based on the miniature TGM, there 
are insufficient counts to perform spin analysis in a reason- 
able time scale. The angular resolution was approximately 
=k 1.5 O. 

The sample magnetization is reversed on completion of 
each scan and successive even/odd ( f ) numbered scans 
are summed into separate channels. Consequently, four 
sets of data are collected from the left/right scattering 
channels (Ii ,I$ ,Ic ,IR ) and another four from the up/ 
down scattering channels, (I,’ ,I3 ,I, ,I; ). The data ac- 
quisition system is able to display a running polarization 
spectrum generated using Eq. (9). 

Figure 6 illustrates a data set obtained in approxi- 
mately 20 min from a Fe(001) picture frame. These spec- 
tra are obtained at normal emission with f!Ii = 35”, corre- 
sponding to ‘Y’ polarized light. Figure 6(a) shows the 
instrumental asymmetry function as determined from Eq. 
( IO). This provides a measure of the asymmetry indepen- 
dent of the actual polarization. There may be contributions 
to this function other than the imperfections in the relative 
sensitivity of the four quadrants and analyzer alignment: 
for example, a spin orbit generated polarization from the 
surface under study. An independent experimental mea- 
sure of any spurious instrumental effects can be obtained 
by substituting a graphite target for the gold target. The 
graphite scattering target, being a low-Z material and 
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FIG. 6. Normal emission photoemission spectra from Fe(OO1) at 13~ = 35’ 
and hv = 60 eV showing in (a) the instrumental asymmetry function [see 
Eq. (lo)], (b) the polarization in the channel orthogonal to the magne- 
tization direction, (c) the polarization Eq. (9) in the direction of the 
magnetization, and (d) the spin-resolved spectra [Eq. ( 1 l)], A A A A 
= majority, VVVV = minority and - = spin integrated. 

hence having negligible spin-orbit etfects, has an effective 
Sherman function of zero. 

As can be seen in Fig. 6(a), the instrumental asymme- 
try is relatively flat, with a slight offset from 1.0. Note that 
even if this function were strongly varying the polarization 
would not be affected. Figure 6(b) shows the measured 
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6 5 4 3 2 1 E, 

Binding Energy (eV) 

FIG. 7. Normal emission photoemission spectra from Fe(OO1) at 0, = 70” 
and hv = 60 eV. 

component of polarization in the direction orthogonal (i.e., 
up/down) to the sample magnetization direction. With 
this equal to zero, the analyzer and magnetization of the 
sample are well aligned. Figure 6(c) shows the measured 
polarization [Eq. (9)], and Fig. 6(d) the derived spin spec- 
tra [using Eq. ( 1 1 )] together with the spin-integrated spec- 
trum. 

While Fig. 6 shows the spectra obtained with an angle 
of incidence for the light corresponding to s polarization, 
Fig. 7 shows the same sample for normal emission with 
8, = 70”, or p-polarized light. Thus in these spectra bands 
of A1 symmetry are highlighted over those of As symmetry 
as observed in Fig. 6(d). 

Finally Fig. 8 shows the spin-resolved spectra close to 
the surface zone boundary at x ( - 18 ’ emission angle) 
and demonstrates the ability of the spectrometer to move 
off normal to measure the dispersion of spin-polarized elec- 
tronic states. This capability has been extensively applied 
in the p( 1 X 1) oxygen overlayer structure on Fe( 001) .‘(‘) 
Figures 6-8 thus illustrate the versatility of this instrument 
to perform full angle-resolved photoemission experiments 
with spin sensitivity. 

6 5 4 3 2 1 E, 

Binding Energy (eV) 

FIG. 8. Off-normal angle-resolved photoemission spectra from Fe(001). 
The angle of emission, 0, = 18’, hv = 60 eV, and 0, = 35”. 
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In summary, we have therefore demonstrated that the 
combination of two recent instrumental developments al- 
lows a previously difficult experiment to be performed with 
relative ease. The use of an undulator source more than 
compensates for the low efficiency of the spin detectors. At 
the same time the new compact low-energy spin detectors 
provide the flexibility required to perform angle and spin- 
resolved photoemission studies. 
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